Flavonoids are a group of plant polyphenols and are ubiquitously found in plants. 1, 2) Fruits and vegetables, as well as popular beverages such as wine, tea, and coffee, are the main dietary sources of flavonoids. It has been reported that flavonoids show pharmacological effects such as antioxidant, 3, 4) antiviral, 5) antitumor, 6) and antiinflammatory activities. 7) In particular, their antioxidant activity has attracted much attention as a possible dietary preventive against cardiovascular and neurodegenerative diseases. 6, 8) There are many reports that flavonoids act as antioxidants and protect various cell types from oxidative stress-mediated cell injury. We reported that flavonoids have protective effects on human umbilical vein endothelial (HUVE) cells and rat neuronal cells (PC12) exposed to the highly toxic lipid peroxide linoleic acid hydroperoxide. [9] [10] [11] In addition, it has been observed that flavonoids suppress the cytotoxicity of hydrogen peroxide toward Chinese hamster cells (V79) 12) and oxidized low-density lipoproteins in human lymphoid cell lines, 13) glucose oxidase-mediated apoptosis in mouse thymocytes, 14) and metal-induced lipid hydroperoxide-dependent lipid peroxidation in a-linoleic acid-loaded rat hepatocytes.
There are many reports that flavonoids act as antioxidants and protect various cell types from oxidative stress-mediated cell injury. We reported that flavonoids have protective effects on human umbilical vein endothelial (HUVE) cells and rat neuronal cells (PC12) exposed to the highly toxic lipid peroxide linoleic acid hydroperoxide. [9] [10] [11] In addition, it has been observed that flavonoids suppress the cytotoxicity of hydrogen peroxide toward Chinese hamster cells (V79) 12) and oxidized low-density lipoproteins in human lymphoid cell lines, 13) glucose oxidase-mediated apoptosis in mouse thymocytes, 14) and metal-induced lipid hydroperoxide-dependent lipid peroxidation in a-linoleic acid-loaded rat hepatocytes. 15) On the other hand, it has been suggested that flavonoids act as mutagens, prooxidants, and enzyme inhibitors. 16) Further, it has been reported that they exert cytotoxicity at higher concentrations and in the presence of oxidation-catalyzing factors such as transition metal ions. The cytotoxicity of flavonoids toward human promyelocytic leukemia cells (HL-60), 17) human acute myelogeneous leukemia cells (KG1, KG1a, THP-1, and U937), 18) rhesus monkey kidney cells (LLC-MK2), rat glial tumor cells (C6), 19) bovine leukemia virus-transformed lamb embryo kidney fibroblasts (FLK), 20) mouse and hamster pancreatic b-cells (b TC1 and HIT), 21) human fibroblasts (HFK-2), human keratinocytes (HaCaT), human breast cancer adenocarcinoma cells (MCF-7), human neuroblastoma cells (SHEP and WAC-2), and bovine capillary endothelial cells 22) has been found. As shown above, however, there are only a few reports on the cytotoxicity of flavonoids toward human normal cells.
If flavonoids are used as dietary factors for health maintenance, relatively large amounts may be ingested. Thus the potentially toxic effects of excessive flavonoid intake must be clarified. 16) In the present paper, we describe the cytotoxicity of nine flavonoids, including the two flavones apigenin and luteolin, the three flavonols 3-hydroxyflavone, kaempherol, and quercetin, the flavonol glycoside rutin, the two flavanones eriodictyol and naringenin, and the flavanol taxifolin (Table 1 and Fig. 1 ), toward cultured normal human cells, TIG-1 cells and HUVE cells. Further, we examined the intracellular levels of ROS in flavonoid-treated TIG-1 cells using DCF-DA 23) and their incorporation of flavonoids in culture medium. 24) Cell cultivation was carried out at 37°C in a humidified atmosphere of 5% carbon dioxide and 95% air. Cell counting was conducted with a Coulter counter (Model Z-1, Coulter Corporation, Hialeah, FL, U.S.A.).
TIG-1 cells were cultivated in 6-cm plastic plates, each of which contained 4 ml of 10% FBS-supplemented MEM. The cells were subcultivated every 5 d at a 4 : 1 splitting ratio with 0.25% trypsin in a calcium-and magnesium-free phosphatebuffered saline at pH 7.4 (PBS). The medium was changed 3 d after inoculation. For experiments, cells were used at 31-39 population doubling levels (PDL). All cultures were free from mycoplasma. 25) HUVE cells were cultivated in 6-cm plastic plates, each of which contained 4 ml of EGM-2, and subcultivated at subconfluency. Subcultivation was performed with an inoculum size of 4.0ϫ10 4 cells · cm Ϫ2 with 0.025% trypsin and 0.01% EDTA in an HEPES-buffered solution at pH 7.4, which was composed of 30 mM HEPES, 130 mM sodium chloride, 3 mM potassium chloride, 3 mM disodium hydrogenphosphate, 10 mM glucose, and 133 mM sodium hydroxide. The medium was changed every 2 d. For experiments, cells were used at 7-14 PDL.
Microscopy and Flow Cytometry Observations were made using an Olympus IX70 inverted microscope eqipped with an Olympus IX-FLA epifluorescence attachment and an Olympus DP-50 digital microscope camera (Olympus Optical Co., Ltd., Tokyo).
Flow cytometric analysis was performed using a BD LSR flow cytometer equipped with a 488-nm argon laser (Becton Dickinson Biosciences Co., San Jose, CA, U.S.A.). Cells were analyzed at an excitation wavelength of 488 nm and emission wavelength of 530 nm (the FL-1 channel).
Exposure of Cells to Flavonoids
The flavonoids were individually solubilized in ethanol and diluted in EGM-2 or 10% FBS-supplemented MEM to appropriate concentrations. Levels of ethanol less than 0.3% and 0.5% at the final concentration had no effect on HUVE cells and TIG-1 cells, respectively. After exposure of cells to each flavonoid, their viability was determined by the trypan blue dye-exclusion test 26) using the inverted microscope. TIG-1 cells were inoculated at a density of 5.0ϫ10 4 cells · cm Ϫ2 in 24-well plastic plates, each of which contained 1 ml of 10% FBS-supplemented MEM, and cultivated overnight. After removal of the medium, the cells in each well were washed with 1 ml of PBS and incubated at 37°C for 24 h in 1 ml of 10% FBS-supplemented MEM containing each flavonoid.
HUVE cells were inoculated at a density of 2.5ϫ10 4 cells · cm Ϫ2 in 24-well plastic plates, each well of which contained 1 ml of EGM-2, and cultivated overnight. After removal of the medium, the cells in each well were washed with 1 ml of the HEPES-buffered solution and incubated at 37°C for 24 h in 1 ml of EGM-2 containing each flavonoid.
Effect of Flavonoids on the Intracellular Generation of Reactive Oxygen Species DCF-DA was solubilized in ethanol at a concentration of 10 mM and diluted in Earle's solution to 10 mM. Cells were inoculated at a density of 5.0ϫ10 4 cells · cm Ϫ2 in 3.5-cm plastic plates, each of which contained 2 ml of 10% FBS-supplemented MEM, and cultivated overnight. After removal of the medium, the cells in each plate were washed with 2 ml of PBS and incubated at 37°C for 24 h in 2 ml of 10% FBS-supplemented MEM containing each flavonoid. After removal of the medium and washing with 2 ml of PBS, they were incubated at 37°C for 30 min in 2 ml of Earle's solution containing 10 mM DCF-DA. After removal of the medium, the cells were washed with 2 ml of PBS. One milliliter of 0.25% trypsin was added and aspirated out. They were incubated at 37°C for 3 min, suspended in 4 ml of PBS, and transferred into a centrifuge tube. After centrifugation and washing with 2 ml of PBS, they were suspended in 1 ml of Earle's solution and transferred into a 5-ml polystyrene round-bottom tube through a filter in its cell-strainer cap. The fluorescence intensity of 2Ј,7Ј-dichlorofluorescein (DCF: the deesterified, oxidized product of DCF-DA) in cells was determined using the flow cytometer.
Incorporation of Flavonoids into Cells TIG-1 cells were inoculated at a density of 5.0ϫ10 4 cells · cm Ϫ2 in 6-cm plastic plates, each of which contained 4 ml of 10% FBSsupplemented MEM, and cultivated overnight. After removal of the medium, the cells in each plate were washed with 4 ml of PBS and incubated at 37°C for 24 h in 4 ml of 10% FBSsupplemented MEM containing apigenin, 3-hydroxyflavone, luteolin, or quercetin. After removal of the medium, they were washed with 4 ml of PBS. One milliliter of 0.25% trypsin was added and aspirated out. They were incubated at 37°C for 3 min, suspended in 6 ml of PBS, transferred into a centrifuge tube, and centrifuged. After removal of the PBS, the cells were resuspended in 1 ml of PBS. In a centrifuge tube, 0.5 ml of the cell suspension was centrifuged. After removal of the PBS, the cells were resuspended in 0.3 ml of ethanol. The cell suspension was sonicated at 20 watts for 20 s using a sonicator (Model 250 Sonifier, Branson Ultrasonic Corporation, Danbury, CT, U.S.A.), and centrifuged at 1.5ϫ10 4 rpm for 10 min. To quantify the intracellular concentration of apigenin, 3-hydroxyflavone, luteolin, or quercetin, we determined the optical density of the supernatant at a wavelength of 269, 240, 260, or 375 nm, respectively, using a Hitachi 228 spectrophotometer (Hitachi, Ltd., Tokyo, Japan). Different amounts of each flavonoid were added to ethanol extracts from cells incubated without it, and calibration curves for flavonoid quantification were made from the optical density of the ethanol extracts. Another 0.5 ml of the cell suspension in PBS was used for cell counting and protein quantification. Protein content was measured by the method of Bradford.
27)
Statistical Analysis Data are expressed as mean values with the corresponding standard deviations. Statistical analysis was performed using a Power Macintosh G4 computer (Apple Computer, Inc., Cupertino, CA, U.S.A.) with the StatView SE software program (Abacus Concepts, Inc., Berkeley, CA, U.S.A.). Figures 2 and 3 show the survival curves of cultured normal human cells, i.e., TIG-1 cells and HUVE cells, respectively, exposed to each flavonoid at different concentrations for 24 h. Some of the flavonoids were considerably cytotoxic toward these human normal cells in a dose-dependent manner. Table 2 shows the 50% lethal concentrations (LC 50 ) of the flavonoids for TIG-1 cells and HUVE cells, which were estimated graphically on the survival curves.
RESULTS

Cytotoxicity of Flavonoids toward Normal Human Cells
For TIG-1 cells, 3-hydroxyflavone was highly toxic at an LC 50 of 40 mM. Luteolin, apigenin, kaempherol, and quercetin were significantly toxic at LC 50 values of 107, 110, 221, and 303 mM, respectively. Eriodictyol, taxifolin, and naringenin were slightly toxic, and rutin was nontoxic.
For HUVE cells, luteolin, quercetin, and 3-hydroxyflavone were highly toxic at LC 50 values of 57, 61, and 64 mM, respectively. Naringenin, apigenin, eriodictyol, and kaempherol were significantly toxic at LC 50 values of 108, 110, 112, and 167 mM, respectively. Taxifolin was slightly toxic, and rutin was nontoxic.
These results show that 3-hydroxyflavone and luteolin are more toxic toward both cell types, and that HUVE cells are more vulnerable to the flavonoids than TIG-1 cells.
Flavonoid-Induced Generation of Reactive Oxygen Species in Normal Human Cells
To see the mechanism of flavonoid cytotoxicity, we examined the intracellular levels of ROS in flavonoid-treated TIG-1 cells using DCF-DA. TIG-1 cells, but not HUVE cells, were used for the following analysis because human lung embryonic fibroblasts, such as TIG-1, WI-38, MRC-5, and IMR-90, are treated as the standard normal human cells. Cells were exposed to each flavonoid for 24 h at different concentrations and then incubated with 10 mM DCF-DA for 30 min. The fluorescence intensity of DCF (the deesterified, oxidized product of DCF-DA) in the cells was determined by flow cytometry. Apigenin, 3-hydroxyflavone, and luteolin markedly increased the intracellular flu- orescence intensity level of DCF (Figs. 4A, C, E, respectively), although the effects of more than 300 mM apigenin and more than 100 mM 3-hydroxyflavone were unable to be examined because of their insolubility. Kaempherol and quercetin increased it intermediately (Figs. 4D, G, respectively), and eriodictyol, naringenin, and taxifolin slightly (Figs. 4B, F, H, respectively) . Apigenin and 3-hydroxyflavone increased the level at concentrations of 300 mM or less and 100 mM or less, respectively, in a dose-dependent manner (Figs. 4A, C) . However, quercetin increased the level dosedependently at concentrations of 250 mM or less, and then decreased the level dose-dependently at concentrations greater than 250 mM (Fig. 4G) . Similarly, kaempherol and luteolin increased the level dose-dependently at concentrations of 75 mM or less and 150 mM or less, respectively, and decreased the level at concentrations greater than 75 mM or 150 mM, respectively (Figs. 4D, E) .
When DCF-DA was incubated for 30 min with or without each flavonoid in 1% ethanol, the fluorescence intensity of the solutions was determined. There was no change in the fluorescence intensity regardless of the presence of any flavonoid, i.e., the flavonoids did not directly react with DCF-DA (data not shown).
Incorporation of Flavonoids into Normal Human Cells
To determine whether an intracellularly incorporated flavonoid exerts cytotoxicity, we examined the incorporation of apigenin, 3-hydroxyflavone, luteolin, and quercetin, which are more toxic, into cells during 24-h incubation. Figure 5 shows the intracellular levels of these flavonoids incorporated into TIG-1 cells. For example, when cells were incubated for 24 h with 100 mM 3-hydroxyflavone, 300 mM luteolin, 300 mM apigenin, or 500 mM quercetin, the intracellular levels of these flavonoids were 5.44, 3.60, 2.04, or 1.03 nmol · mg protein
Ϫ1
, respectively. These flavonoids were incorporated into cells in a dose-dependent manner. The order of their incorporation efficiency was: 3-hydroxyflavoneϾlu-teolinՆapigeninϾquercetin.
DISCUSSION
From the viewpoint of screening for the antitumorgenicity of flavonoids, their cytotoxicity has attracted attention. Thus the cytotoxicity of flavonoids toward malignant cells has been examined. [28] [29] [30] [31] [32] [33] [34] [35] On the other hand, there are many reports that flavonoids protect various cell types from oxida- tive stress. 11, 12, 36) Since oxidative stress is suggested to cause many diseases including cardiovascular and neurodegenerative diseases, 37) flavonoids are possible dietary preventives against these diseases. If flavonoids are used as dietary factors for health maintenance, relatively large amounts may be ingested. As a prerequisite for the application of flavonoids to dietary preventives, their toxicity should be examined.
In order to see flavonoid toxicity, we examined the cytotoxicity of nine flavonoids, including apigenin, eriodictyol, 3-hydroxyflavone, kaempherol, luteolin, naringenin, quercetin, rutin, and taxifolin, toward cultured normal human cells. Figures 2 and 3 show that when cells are incubated with one of the flavonoids at relatively high concentrations in culture medium for 24 h, some flavonoids show considerable cytotoxic effects on human normal cells, i.e., TIG-1 cells and HUVE cells. We have already reported that relatively low concentrations of flavonoids have protective effects on HUVE cells under oxidative stress. 9) These results suggest that flavonoids exert beneficial effects on human normal cells at relatively low concentrations, but toxic effects at relatively high concentrations. Table 2 shows that 3-hydroxyflavone, luteolin, and api- genin are more cytotoxic toward TIG-1 cells than the other flavonoids, and that luteolin, quercetin, and 3-hydroxyflavone are more cytotoxic toward HUVE cells. This means that the structure-cytotoxicity relationship of flavonoids with normal human cells is unclear, and that their cytotoxicity differs depending on cell type. Flavonoid glycosides have been found not to be incorporated into cells. 38) Thus rutin may be barely incorporated into cells due to its higher hydrophilicity and hence have no effect. Table 2 also shows that HUVE cells are more vulnerable to flavonoids than TIG-1 cells. High concentrations of flavonoids might be risk factors for endothelial injury. Figure 4 shows that when TIG-1 cells were incubated with one of the flavonoids, except rutin, at relatively high concentrations in culture medium for 24 h and then exposed to DCF-DA in Earle's solution, most increase the intracellular fluorescence intensity level of DCF, which means that the ROS level is increased. In particular, apigenin, 3-hydroxyflavone, and luteolin increase the intracellular ROS level greatly. As shown in Table 2 and Fig. 2, 3 -hydroxyflavone, apigenin, and luteolin are more cytotoxic toward TIG-1 cells than the other flavonoids. These results suggest that the cytotoxicity of flavonoids is due to their intracellular ROS-generating ability. Figure 4 shows that when TIG-1 cells were treated with kaempherol, luteolin, or quercetin, the intracellular level of ROS increased with increasing concentrations up to 75, 150, or 250 mM, respectively, and then decreased at higher concentrations. There appear to be optimum concentrations for flavonoids to act as prooxidants.
It has been reported that flavonoids generate ROS in malignant cells. For example, hydrogen peroxide is generated in simian virus 40-transformed hamster pancreatic b-cells (HIT) in the presence of 50 mM quercetin or chrysin, 21) and ROS are generated in human thymoma-derived cells (HPB-ALL) in the presence of 50 mM quercetin 39) and in Jurkat cells in the presence of 110-880 mM baicalin (baicalein 7-b-D-glucopyranosiduronate). 40) As shown above, our observations show that ROS are generated in normal human cells in the presence of flavonoids. Thus it is obvious that flavonoids can act as prooxidants as well as antioxidants. Whether flavonoids act as antioxidants or prooxidants may depend on the differences in flavonoid concentration, cell type, and/or culture conditions.
As shown in Table 2 and Fig. 3 , luteolin, quercetin, and 3-hydroxyflavone are more toxic toward HUVE cells than the other flavonoids. Previously, we reported that luteolin and quercetin are more protective toward linoleic acid hydroperoxide-treated HUVE cells than the other flavonoids.
9) It is very interesting that not only as antioxidants but also as prooxidants, luteolin and quercetin are more effective in HUVE cells, although the reason is unclear. Figure 5 shows that apigenin, 3-hydroxyflavone, luteolin, and quercetin are incorporated into TIG-1 cells and the order of their incorporation efficiency is 3-hydroxyflavoneϾlute-olinՆapigeninϾquercetin. As shown in Table 2 and Fig. 2 , these flavonoids are more toxic and the order of their toxicity is as follows: 3-hydroxyflavoneϾluteolinՆapigeninϾquercetin. It appears that the cytotoxicity of flavonoids reflects their incorporation efficiency. Their cytotoxicity may be intimately related to both their incorporation efficiency and intracellular ROS-generating ability.
However, luteolin and quercetin are incorporated into cells in a dose-dependent manner at least up to 300 and 500 mM (Figs. 5C, D) , respectively, but decrease their intracellular ROS-generating ability at concentrations of more than 150 mM and more than 250 mM (Figs. 4E, G) , respectively. Thus their oxidative metabolites such as o-quinones and quinone methides, 38) rather than ROS, might be responsible for their cytotoxicity at the higher concentrations.
In summary, some flavonoids are cytotoxic at higher concentrations toward normal human cells. Further, it is suggested that flavonoids are incorporated into cells, increase intracellular ROS levels, and then exert cytotoxicity. Recently, flavonoids have been trumpeted abroad as dietary supplements for health maintenance. In view of their toxicity and prooxidant character, however, the adequate intake of flavonoids should be borne in mind.
